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(54) Lead-free copper-based coatings with bismuth for a swashplate compressor 


(57) A surface of alunninium alloy or iron alloy coat- 
ed, on at least a part, with a lead-free copper-based 
coating layer comprising, by weight. 0.2-16% bisnnuth. 
and at least one metal selected from the group consist- 


ing of 5-40% nickel, 1-20% chromium, 1-20% iron, and 
1-10% cobalt, the balance being copper which is more 
than 55%. The surface may be of a swashplate used in 
swashplate type compressors. 
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Description 

Fietd of the Invention 

[0001] The present invention relates to alloy coatings 
useful to provide anti-seizure and wear capabilities to 
surfaces. The mostly-copper alloy coatings are lead- 
free and include bismuth and at least one of nickel, chro- 
mium and iron. These copper-based alloys are particu- 
larly useful as coatings on swashptates used In swash- 
plate type compressors for compressing a refrigerant 
gas, by rotating a swashplate. The swashplate body is 
an aluminium alloy or iron alloy. 

Background of the Invention 

[0002] Conventionally, a swashplate type compressor 
is used in systems such as an air conditioning system 
of an automobile. According to a known swashplate type 
compressor, the transmission of motive power is carried, 
out, as a swashplate rotates and a piston reciprocates, 
thereby suctioning, compressing and discharging the 
gas. The swashplate is usually composed of aluminium 
or Iron alloy. The shoes, which make slideable contact 
with the swashplate when it rotates, are composed of 
iron or copper alloys. The metal on metal contact at the 
shoe and swashplate interface requires special precau- 
tions to be taken in order to prevent undue wear and 
possible seizure of the shoe with the swashplate. A good 
countermeasure to this problem has been to apply lu- 
bricious coatings on swashplates. 
[0003] Polymer based coatings have been suggested 
for coating aluminium swashplates. US 5,655,432 treats 
a swashplate with a coating of a mixture of cross-linked 
polyfluoroelastomer bonded directly to the aluminium, a 
lubriclous additive and a load bearing additive like boron 
carbide. The part is masked to apply the coating in only 
certain areas. Sho 58-129646 discloses a swashplate 
coated with a solid lubricant such as boron nitride, fluo- 
rine resin solidified with resin. It also discloses coating 
with soft metals like tin and lead. Polymer based coating, 
while providing excellent friction reduction and seizure 
resistance at dry condition, have less than desirable 
wear resistance (durability) due to the physical charac- 
teristics of the polymers. That is, they are soft compared 
to the counterparts they contact, normally ferrous met- 
als, and become even softer at higher temperatures. 
[0004] Metal coatings are commonly used to treat 
swashplate surfaces. For example, US 5,056,41 7 treats 
a swashplate body with a surface coating layer made of 
tin and at least one metal selected from the group con- 
sisting of copper, nickel, zinc, lead and indium. US pat- 
ent 5,864,745 discloses flame sprayed copper based 
materials which may include lead useful to coat swash- 
plates. Bronzes with lead have high load carrying capa- 
bility and anti-seizure resistance making them suitable 
for anti-wear applications. Eliminating lead from coating 
materials, however, has been the focus of research in 


many industries due to environmental and health aware- 
ness. I have nowsurprisingly founda new lead-free cop- 
per-based coating material which has outstanding wear 
properties and overcomes deficiencies of prior art coat- 
5 ings. 

SUMfVIARY OF THE INVENTION 

[0005] The invention is an alloy coated on a surface 
10 composed of an aluminium based or Iron based alloy. 
The surface may be that of a swashplate used in a 
swashplate type compressor. The coating Is a lead-free 
copper-based alloy comprising, by weight, 0.2-15% bis- 
muth, and at least one metal selected from the group 
IS consisting of 5-40% nickel, 1-20% chromium. 1-20% 
iron and 1 -1 0% cobalt, the balance being copper which 
is at least 55%, more preferably the copper comprises 
62-74% of the coating. Desirably, the coating may addi- 
tionally comprise one or more materials selected from 
20 the group consisting of 0.2-6% graphite, 0.2-5% molyb- 
denum disulfide (M0S2), 0.5-8% polytetrafluoroethylene 
(PTFE), and 0.5-8% indium. 

[0006] The iron alloy or aluminium alloy surface may 
be that of a swashplate of a swashplate type compres- 

25 sor or other surface which would benefit from improved 
wear and lubricity. Such swashplate compressors gen- 
erally comprise a cylinder block having a cylinder bore 
disposed parallel to the axis of the cylinder block. A ro- 
tary shaft is rotatably mounted within the cylinder block 

30 and a swashplate is connected to the rotary shaft for 
rotation with the rotary shaft within the cylinder block. A 
piston is reciprocally fitted in the cylinder bore. Shoes 
slideably Intervene between the piston and the swash- 
plate. 

35 [0007] Advantageously, the copper-based coating 
provides a surface which has excellent wear resistance 
and extremely high anti-seizure resistance. Optimally, 
this is provided by a coating which is lead-free. 

40 BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] FIG. 1 is an exploded view of a swashplate 
compressor according to an embodiment of the present 
invention. 

45 [0009] FIG. 2 is a schematic of a swashplate surface 
with an embodiment of the coating of the present Inven- 
tion. 

[0010] FIG. 3. Graph showing marginal lubrication 
test results of comparative and invention embodiment 
so materials. 

[0011] FIG. 4. Graph showing load carrying capability 
test under lubricated condition of FIG. 3 coating materi- 
als. 

55 DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0012] The present Invention surface coating layer 
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may be applied on any aluminium based or iron based 
alloy surface. The surface may be a swashplate 20 sur- 
face or the surface of any other article which would ben- 
efit from improved wear resistance and anti seizure ca- 
pability, such as on a bushing. For illustration of one use 
of the invention coating, it will be illustrated in detail as 
a coating on a compressor swashplate surface. The 
compressor can be a fixed capacity one or a variable 
displacement one that has only one cylinder block and 
single sided pistons. Illustrated in FIG. 1 is a perspective 
and exploded view of an automotive swashplate type 
compressor 10 for propelling refrigerant gas through a 
cooling circuit. The compressor 10 comprises a two- 
piece cylinder block 1 2, 1 4 which is provided with a plu- 
rality of reciprocating pistons 16. For clarity, FIG. 1 de- 
picts only one of such reciprocating pistons 16. In prac- 
tice, each piston 1 6 reciprocates within cylinder bore 1 8. 
[0013] Each piston 16 is in communication with the 
swashplate 20 which is fixably mounted on an axially 
extending rotatable shaft 22. The reciprocating motion 
of each piston 1 6 within its associated cylinder bore suc- 
cessively siphons, compresses, and discharges refrig- 
erant gas, A pair of pivoting shoes 24 are positioned be- 
tween each piston 1 6 and swashplate 20. The shoe 24 
transfers the rotational motion of the swashplate 20 to 
the linear motion of the piston 16. The swashplate 20 
has two facial surfaces 26 (only one shown for clarity) 
which contact the shoe 24. 

[001 4] Rotation of the shaft 22 causes the swashplate 
20 to rotate between the cylinder blocks 1 2, and 1 4. The 
facial surfaces 26 contact the shoes 24 and are subject- 
ed to a shear-type frictional contact with shoe 24. An 
end surface 28 may contact the piston 16 if the piston 
16 is slightly skewed or bent. As discussed above, the 
facial surfaces 26 and generally also end surface 28 and 
are provided with a coating to prevent wear of the 
swashplate surfaces which may result from contact with 
piston 16 and shoes 24. As would be appreciated, this 
coating should also have a low coefficient of friction to 
increase the efficiency of the compressor. The shape of 
swashplate 20 according to the present invention may 
be the same as those of the conventional swashplates. 
The material composing the matrix of swashplate body 
20 is an aluminium alloy or an iron alloy. The aluminium 
alloy can be, for example, aluminlum-high-sllicon type 
alloy or aluminium-silicon magnesium type alloy. The 
iron alloy can be, for example, AISI 4130 or cast iron. 
[0015] If not for a coating layer on the swashplate, the 
swashplate body directly contacts shoes 24. However, 
according to the present invention, during operation a 
surface coating layer 30 is present on swashplate body 
20 and it contacts shoes 24 so that the chance for sei- 
zure under low or no lubrication is greatly reduced. Ac- 
cording to the present invention, the surface coating lay- 
er 30 in FIG. 2 is formed on the surface of swashplate 
body 20 at least on the part of the surface having slide- 
able contact with shoes 24. As would be appreciated in 
view of this disclosure, all or part of a surface may be 


coated. In the case of the swashplate, the coating would 
be applied generally at least on the swashplate surface 
which during operation of the compressor-cohtacts tfTe 
shoe. Using the present invention coating on the swash- 

5 plate, the friction between swashplate 20 and shoe 24 
is small so that the smooth sliding of shoe 24 on the 
swashplate 20 is ensured. The surface coating layer 30 
is superior in strength thereby reducing the amount of 
abrasion which occurs thereon. 

10 [0016] The invention alloy coating is a lead-free cop- 
per-based coating which comprises, by weight , 0.2-15 
% bismuth, and at least one metal selected from the 
group consisting of 5-40% nickel, 1-20% chromium, 
1-20% iron and 1-10% cobalt, the balance being copper 

15 which is at least 55%. The coating may additionally com- 
prise one or more optional materials selected from the 
group consisting of 0.2-5% graphite, 0.2-5% molybde- 
num disulfide (MoSg), 0.5-8% polytetrafluoroethylene 
(PTFE), and 0.6-8% indium. 

^0 [0017] In the preferred embodiments of the copper- 
based invention coating, the coating comprises: 0.5-6% 
bismuth, 15-30% nickel, 1-5% chromium, 1-5% iron, 
0.5-4% graphite, 0.5-4% molybdenum disulfide, 1-5% 
PTFE, and 1-6% indium. In the preferred coating, the 

25 copper optimally comprises 62 to 74 wt. %. The graph- 
ite, f^oS2, PTFE and indium are useful to further reduce 
friction and enhance anti-seizure properties of the coat- 
ing. The PTFE used in the present invention is a material 
well known in the art. 

30 [0018] Another significant aspect of the present in- 
vention composition is that the amount of bismuth can 
be varied as detailed above to provide the optimal prop- 
erties desired forthe particular application. That is, since 
bismuth can improve lubricity, more bismuth may be de- 

35 sired in the coating composition . However, if the coating 
is applied by thermal spraying, bismuth can be burnt off 
during the coating process, which can undesirably con- 
tribute to porosity in the coating microstmcture. For a 
specific application, a balance is reached between the 

40 lubricity, mechanical strength and integrity of the coating 
based on the amount of added bismuth. Selection of the 
optimal amount within those defined herein would be ap- 
parent to one skilled In the art in view of the present dis- 
closure. 

^5 [001 9] According to one process for forming the coat- 
ing, the elements In the desired coating are mixed and 
fabricated to the fonm of powder or wire. Then this ma- 
terial may be applied to the component surface by var- 
ious thermal spraying coating processes or by powder 

50 metallurgy. In a preferred swashplate application, ther- 
mal spray methods are used which include electric wire 
arc, plasma and high velocity oxygen fuel (HVOF) proc- 
esses. Post coating heat treatment can be performed to 
relieve thermal residual stress withih the coating and to 

55 improve interface bonding. 

[0020] In wire arc spray process, the feed material is 
in the form of wire which can be solid alloy wire or cord 
wire. Cord wire Is formed by wrapping powder in the 
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center with a metal sheet/foil. During the spraying, the 
high temperature generated by the electric arc melts the 
wire tip and molten metallic particles are produced by 
air jet passing through the channel. Then they are pro- 
pelled to the target and impinge on the surface to fomri 
a coating layer. It should be noted that In this spraying 
process, the coating composition is different from the 
composition of the feed material because the initial ma- 
terial has to go through melting, oxidation, rapid solidi- 
fication and diffusion processes. Using cord wire was 
found to produce a less homogeneous microstructure 
comparing to other themnal spray methods due to the 
inhomogeneity of the initial feed wire. And, at high elec- 
tric arc temperatures, bismuth content in the coated lay- 
er is reduced from the initial material composition since 
bismuth, having a much lower melting point compared 
with copper and nickel, is subject to being burnt off. 
[0021] HVOF and plasma spray processes, in con- 
trast, use powder as feed material. The powder particles 
travel at higher velocity and the application temperature 
is lower compared to that encountered in the wire arc 
spray process. As a result, the coating quality and bond 
strength from these processes are much higher than 
that from wire arc spray. The porosity level from HVOF 
can be as low as less than 1 % while wire arc generally 
produces higher than 4% porosity. However, the cost of 
HVOF or plasma process is much higher which may 
make it less commercially desirable. Hence, a balance 
of these considerations will be taken into account when 
choosing the application method. 
[0022] As pointed out above, the unique physical and 
chemical characteristics of each coating method can re- 
sult in coatings having different microstructures. For ex- 
ample, in wire arc spraying, generally big molten drop- 
lets are produced which will impinge on the target sur- 
face. HVOF and plasma techniques generally use a 
powder of well defined particle size range and the par- 
ticles during application can form molten or semi-molten 
particles. The microstructure of the coatings produced 
by these latter application methods generally are more 
unifomn on a micro-scale than those produced by the 
wire arc process. The specific micro-distribution of 
chemicals at any point of the coating, the morphology 
and size of a microstructural phase and the porosity lev- 
el are thus dependent on the particular process and the 
process parameters. The thermal spray method was 
preferably used to apply the new coating materials to 
the swashplates in this study because of its simplicity, 
easy set-up, controllability of the microstructure, little 
disturbance to the substrate and high coating deposition 
efficiency. It is also a preferred process for manufactur- 
ing. Stilt other application techniques will be apparent to 
those skilled in the art of view of the present disclosure. 
[0023] The adhesion of the alloy coating of the 
present invention to the iron or aluminium base alloys 
can be improved by adding an intermediate bond coat, 
when desired, between the substrate and the coating 
described above. This will increase the durability of the 


coating in service and the machinability during the sur- 
face finishing operation. However, cost increase is al- 
ways associated with the introduction of an interface 
bond coat. The bond coating may be made, e.g., of nick- 
5 el-aluminium and copper-aluminium alloys. Still other 
bond coating materials will be apparent to those skilled 
in the art in view of the present disclosure and many of 
them can be found in the literatures related to thermal 
spray industry. 

10 [0024] In the present invention, the coating may be 
applied in a thickness of about 200 to 500 p.m. After sur- 
face finishing such a thickness is often reduced to 75 to 
350 |xm, more preferably being 100 to 250 jim. In case 
a thicker coating is needed, the spraying step or the 
15 pass of the spray gun over the target surface can be 
repeated several times. After the material is coated on 
to the iron alloy or aluminium alloy surface, It can be heat 
treated to decrease element segregation in the micro- 
structure. If desired, the surface to be coated may be 
20 treated by sand blasting, chemical etching or other 
methods prior to providing the coating. This pre-treat- 
ment desirably provides a surface roughness level from 
Ra 4 micron to 20 micron which can aid in improving the 
bond strength of the coating to the surface due to the 
25 interlocking mechanism between the surface crater 
edges and the coating material. 

[0025] The lead-free copper based coatings dis- 
closed herein were found to provide excellent wear and 
lubricity characteristics. Consequently, a swashplate 

30 compressor according to the present invention can sat- 
isfactorily withstand very severe use and achieve long 
service life. It was unexpectedly found by the inventor 
that the present invention copper-based coating, e.g., 
copper, nickel, and bismuth, can be used to replace 

35 bronzes containing lead used on compressor swash- 
plates and similar applications. Unexpectedly, the newly 
invented alloys have much better anti-seizure resist- 
ance than the traditional lead bronzes and similar load 
carrying capabilities when tested under the same con- 

40 ditions, as described in detail in the examples. It Is be- 
lieved that these excellent tribological properties of the 
invention alloys, without the use of lead, result from the 
unique properties of bismuth and its metallurgical Inter- 
actions with copper and other metals of the coating like 

45 nickel, tor example. The high anti seizure performance 
and wear resistance are believed to be achieved by the 
formation of specific microstructures in the coating de- 
velopment. For example, according to one embodiment 
of the invention coating, when combining copper, nickel, 

50 and bismuth together, the newly invented coating has 
unique microstructure. Copper and nickel are mutually 
soluble and can form a perfect solid solution In any pro- 
portions. This feature provides a desirable structure in 
which copper and nickel rich phases appear to be ar- 

55 ranged alternately. Each phase has different hardness 
levels due to the difference in copper to nickel ratios. 
The hard nickel rich phase provides excellent wear re- 
sistance for the coating. The phases containing sub- 
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stantial bismuth or pure bismuth phase are relatively soft 
and non-sticky to steel surface yet durable to provide 
lubricity under harsh conditions. Thus the invention 
coatings which contain bismuth have excellent anti sei- 
zure resistance. However neither the truth nor under- 
standing of the theory provided above is necessary for 
the practice of the present invention. This theory is ad- 
vanced in an attempt to explain the excellent results ob- 
tained with the present lead-free invention coating. 

Example 1 

[0026] A coating formulation according to one embod- 
iment of the present invention was made from wire hav- 
ing a composition of 67%Cu, 26%Ni. 5.47oBI and 1.67o 
graphite. A twin wire electric arc thermal spray system, 
TAFA 8835 from TAFA Inc. was used to coat steel test 
disks to a thickness of approximately 0.4 mm. Then the 
final thickness was reduced to 0.25 mm after grinding. 
The coating process was carried out in an ambient at- 
mosphere. The applied coating chemical composition 
varied slightly from that of the wire, and the coating did 
not have a unifomn elemental distribution within the coat- 
ing layer on a micro-scale. At one evaluated area, this 
sample #1 coating composition had copper, nickel, and 
bismuth in the following weight amounts, respectively: 
74%, 22%, and 2.1%, At another area of the coating, 
the composition was 70.8%Cu, 24.5%Ni, 0.5%Bi and 
4.2%0. It is clear from these evaluations that oxygen 
was picked up from the ambient environment during the 
thermal spray process. Although it is common to see ox- 
ides in thermal spray coatings, the content needs to be 
controlled to get a desirable performance. The bismuth 
in the coating has two forms: (1) a bismuth rich phase 
and (2) scattered in the copper-nickel solid solution. 
Both bismuth forms improve the anti-seizure resistance 
of the coating material by providing self- lubricity. This 
microvariation in the coating composition does not have 
a significant impact on the tribological properties of the 
coating since it had excellent wear properties. 

Example 2 

[0027] Another coating material according to another 
embodiment of the present invention was made in the 
powder form. High velocity oxygen fuel (HVOF) was 
used to apply a powder whose composition was 65%Cu, 
30%Ni and 5%Bi (coating sample U2). Plasma could al- 
ternately be used to apply the coating from the powder. 
The coating was applied to steel test disks to a thickness 
of 0.35 mm. This is slightly thinner than that produced 
in Example 1 by the wire arc spray process. Then, the 
coating was polished to a thickness of 0.25 mm. 
[0028] The perfonnance test results of the Example 1 
and Example 2 coatings are shown in Figures 3 and 4 
in average values. Swashplate coating performance is 
given for the marginal lubrication bench test (seizure 
time in sec.) and the load canying capability test (sei- 


zure load in kg). The results from the marginal lubrica- 
tion test In Figure 3 show that anti-seizure resistance 
was increased substantially by adding bismuth into cop- 
per-nickel alloys. 
5 [0029] Actually the seizure time for the example newly 
invented coatings was several times of that of conven- 
tional copper-lead-tin coatings. Figure 4 shows that the 
load carrying capability of the lead bronze and the new 
coatings (seizure loads) are similar to each other under 
a lubricated condition. It also can be seen from Figures 
3 and 4 that as the nickel amount is increased In the 
coating, the loading carrying capability became higher, 
but anti-seizure resistance was sacrificed. So, by tailor- 
ing the ratio of nickel and bismuth, a specific perform- 
ance target can be achieved which is optimal for its par- 
ticular application. 

[0030] As shown In the following table, the coating 
hardness can vary between different micro-locations on 
a coating, depending on the exact chemical composition 
of the coating at that location. For one coating example, 
the variation in hardness across the coating is shown in 
Table 1. 


Table 1 . 


Hardness values of various coating phases 

Area 

Ni rich 

Cu rich 

Bi rich 

Hardness (Hv) 

174 

123 

91 


[0031 ] It will be obvious to those of skill in the art that 
various modifications may be made to the foregoing in- 
vention without departing from the scope of the claims 
that follow. 


Claims 

1. An aluminium based or iron based alloy surface 
coated, on at least a part, with a lead-free copper- 
based coating layer comprising, by weight, 0.2-15% 
bismuth, and at least one metal selected from the 
group consisting of 5-40% nickel, 1-20% chromium, 
1-20% iron and 1-10% cobalt, the balance being 
copper which is more than 55%. 

2. The coated surface of claim 1 , wherein said coating 
further comprises at least one material from the 
group consisting of 0.2-5% graphite, 0.2-5% molyb- 
denum disulfide (MoS2), 0.5-8% polytetrafluoroeth- 
ylene (PTFE), and 0.5-8% indium. 

3. The coated su rface of claim 1 , wherein said bismuth 
comprises 0.5-6% of said coating. 

4. The coaled surface of claim 1 , wherein said nickel 
comprises 15-30% of said coating. 
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5. The coated surface of claim 1. wherein said iron 
comprises 1 -5% of said coating. 

6. The coated surface of ciaim 2, wherein said graph- 
ite connprises 0.5-4% of said coating. 5 

7. The coated surface of claim 2, wherein said molyb- 
denum disulfide comprises 0.5-4% of said coating. 

8. The coated surface of claim 2, wherein PTFE com- 
prises 3-8% of said coating. 

9. The coated surface of claim 2 wherein said indium 
comprises 2-5% of said coating. 

15 

10. The coated surface of claim 1 , wherein said surface 
Is a swashplate surface from a swashplaie type 
compressor. 
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